The increasing demands for efficient and clean energy-storage systems have spurred the development of Li metal batteries, which possess attractively high energy densities. For practical application of Li metal batteries, it is vital to resolve the intrinsic problems of Li metal anodes, i.e., the formation of Li dendrites, interfacial instability, and huge volume changes during cycling. Utilization of solid-state electrolytes for Li metal anodes is a promising approach to address those issues. In this study, we use a 3D garnet-type ion-conductive framework as a host for the Li metal anode and study the plating and stripping behaviors of the Li metal anode within the solid ion-conductive host. We show that with a solid-state ion-conductive framework and a planar current collector at the bottom, Li is plated from the bottom and rises during deposition, away from the separator layer and free from electrolyte penetration and short circuit. Owing to the solid-state deposition property, Li grows smoothly in the pores of the garnet host without forming Li dendrites. The dendrite-free deposition and continuous rise/fall of Li metal during plating/stripping in the 3D ion-conductive host promise a safe and durable Li metal anode. The solid-state Li anode shows stable cycling at 0.5 mA cm −2 for 300 h with a small overpotential, showing a significant improvement compared with reported Li anodes with ceramic electrolytes. By fundamentally eliminating the dendrite issue, the solid Li metal anode shows a great potential to build safe and reliable Li metal batteries.
eveloping energy-storage systems with high energy density as well as safety has attracted tremendous research interest in various electrochemical energy-storage devices. Lithium (Li) metal batteries have been widely considered as promising candidates for next-generation energy storage owing to their extremely high theoretical energy densities (e.g., 2,600 Wh kg −1 in Li-S battery and 3,500 Wh kg −1 in Li-air battery) (1, 2) . However, the application of Li metal anodes has long been hindered by the safety hazard because of the Li dendrite growth and potential short circuit (3) (4) (5) (6) . It is imperative to build safe and dendrite-free Li metal anodes for the development of high-energy-density Li batteries. Current studies on Li metal anodes are mainly focused on improving the Li anodes with liquid electrolytes. Multiple effective approaches have been reported to improve the Li anodes, such as constraining Li metal in porous materials (7) (8) (9) (10) , creating protective layers for stabilizing the Li-electrolyte interface (11) (12) (13) (14) (15) , and modifying the organic electrolytes (16) (17) (18) . However, because of the intrinsic high reactivity of Li metal and dendrite-formation behavior of Li in liquid electrolytes, as well as the flammability and leakage of most organic electrolytes, the performance and safety of Li metal anodes still face great challenges (19) .
Solid batteries are expected to fundamentally eliminate the safety concerns of Li metal anodes. Solid-state electrolytes, especially ceramic Li-ion conductors, show exceptional ability to inhibit the formation of Li dendrites and preclude the shortcircuit hazard, and are nonflammable and nonleaking (20, 21) .
The problems of solid-state electrolytes lie in their relatively low ionic conductivities, which have been greatly improved recently, and the interface contact between the electrolyte and the electrode (22) (23) (24) (25) . For solid-state Li metal anodes, the lithiophobicity of the ceramic Li-ion conductors has resulted in poor interface contact and huge impedance. Therefore, many studies have been devoted to improving the Li-electrolyte interface by adding polymeric interlayers, coating lithiophilic layers, and the surface chemistry control method (26) (27) (28) (29) (30) (31) (32) (33) . Nevertheless, due to the inevitable existence of grain boundaries in the solid-state electrolyte, Li could still form dendrites and penetrate through the electrolyte, resulting in a short circuit (32, 34, 35) . What is worse, drastic volume change during Li plating and stripping could further deteriorate the interface contact between the solid electrolyte and Li anode, increasing the impedance during cycling. The poor solid interface contact and volume change of Li anode during cycling have significantly limited the applicable capacity in previous research of Li metal anodes with ceramic electrolytes (26) (27) (28) (29) (30) (31) (32) (33) .
Herein, we demonstrate a safe Li metal anode by hosting Li metal in a 3D solid-state Li-ion-conductive host with a bottomcoated current collector. By cycling the Li anode within the 3D solid-state ion-conductive host, we investigate its plating/stripping behavior and demonstrate a safe and dendrite-free solid Li metal anode. As shown in Fig. 1A , the ion-conductive host consists of a dense layer as the separator and two porous layers for hosting Significance Solid-state lithium metal anode possesses great promise owing to its high energy density and improved safety. This work introduces a strategy for constructing a 3D Li metal anode, which is hosted in a solid-state ion-conducting host and shows a safe and dendrite-free plating/stripping behavior. The host is based on a garnet-type ion-conductive framework and a bottomdeposited Cu current collector. The Li anode is plated within the solid garnet framework from the bottom Cu layer and shows a dendrite-free deposition behavior, effectively averting the dendrite penetration issue. Owing to the 3D ion-conductive host, the volume change and interface contact problem of the Li anode have been significantly mitigated, realizing a highcapacity and safe Li metal anode for solid-state high-energydensity batteries. (LLCZN) garnet-type Li-ion conductor (hereinafter, garnet) with a porousdense-porous structure. Garnet-type Li-ion conductor is a promising solid-state electrolyte because of its excellent ionic conductivity, broad electrochemical stability window, and chemical stability (36, 37) . A side-view scanning electron microscope (SEM) image of the garnet host is shown in Fig. 1B . The upper layer is filled with the Li source (Li metal in this study), the bottom layer is empty with a thin layer of Cu as the current collector, and the middle dense layer serves as a separator. As illustrated in Fig. 1 C-E, this structure enables Li deposition only from the bottom, where Li ions from the garnet skeleton gain electrons from the Cu (or Li deposited on Cu). With more Li deposited, the front of the Li-filled layer rises from the bottom Cu substrate within the 3D framework. Subsequent stripping leads to the fall of the Li metal. As plating/stripping of Li results in the rise/fall of the anode in the host structure and always away from the separator layer, internal short circuits caused by Li penetration are further averted. Moreover, since Li metal in the ion-conductive host is reduced from solid-state Li ions, Li is plated within the voids of the 3D framework without forming dendrites, in sharp contrast with Li hosts in liquid electrolytes. This Li metal anode that rises and falls in the solid ion-conductive framework opens an approach to building safe and durable Li metal batteries.
Results and Discussion
The porous-dense-porous garnet framework was synthesized by a tape-casting method (38) . The cross-sectional view of the 3D garnet framework is shown in Fig. 2A . Same as the schematic in Fig. 1A , the garnet framework has a dense separating layer and two porous layers. The separating layer is 28 μm and each porous layer is ∼50 μm. By adjusting the garnet tapes, the thickness of the porous garnet layer is adjustable (20-150 μm) and its porosity is ∼50%, thus providing appropriate room for hosting active materials of various capacities. As confirmed by the X-ray diffraction (XRD) profiles in Fig. 2B , the 3D garnet shows a wellcrystalline structure, coincident with the cubic-phase garnet Li 5 La 3 Nb 2 O 12 . As shown in the electrochemical impedance spectrum (EIS) in SI Appendix, Fig. S1 , the garnet has a high ionic conductivity of 3 × 10 −4 S cm −1 at room temperature (see SI Appendix, Fig. S1 for the ionic conductivity calculation using a dense garnet pellet), which facilitates the solid-state transport of Li ions. To conduct electrons, a thin layer of Cu (∼200 nm) was deposited at the bottom of the 3D garnet by e-beam evaporation. As shown in the SEM image of the bottom layer and corresponding elemental mapping of Cu by energy-dispersive X-ray spectroscopy (EDX) (SI Appendix, Fig. S2 ), Cu was uniformly coated at the bottom of the garnet skeleton. Due to the directional deposition by an e-beam evaporation technique, Cu was not found inside the porous layer and served only as a current collector. The Cu current collector deposited on garnet framework significantly reduces the interfacial resistance in the cell (see EIS in SI Appendix, Fig. S3 ). The upper porous layer can be filled with cathode materials for assembly of full cells in practical uses. To study the Li plating/stripping behavior in the 3D ion-conductive host, we filled the upper porous garnet layer with Li metal as the Li source. Li was infiltrated into the upper porous layer by a melt-infiltration method, which is schematically presented in Fig. 2C . The upper layer of the porous garnet host was first coated with ZnO of ∼50 nm by atomic layer deposition (ALD) to improve the wetting property of the garnet with molten Li (30) . A thin Li foil was melted on top of the garnet pellet and infused into the pores of the upper layer by capillarity. The upper layer filled with Li can be clearly observed by SEM image of backscattered electrons (Fig. 2D) , where the bright area indicates the garnet framework with heavy atoms (La, Zr, etc.) and the dark area indicates the infiltrated Li. The molten Li did not diffuse through the separating layer and the bottom porous layer remained empty, which is evidenced by the SEM image in Fig.  2E and the large-area cross-sectional SEM image in SI Appendix, Fig. S4 . Therefore, the garnet framework is an excellent solid host structure for Li anode with a dense separating layer that blocks Li from penetration.
Using the empty porous garnet framework with the Cu substrate, we systematically studied the plating/stripping behavior of Li metal in the 3D garnet host. The voltage profile of Li plating into the garnet host at 0.5 mA cm −2 is shown in Fig. 3A . During Li deposition, the Li ions migrate through the 3D garnet skeleton while the electrons transport from the Cu current collector (and already-deposited Li metal). Since all electrons come from the bottom current collector, Li metal is always deposited from the bottom and rises with further Li deposition, as depicted in Fig. 3B . The deposition of Li on the bottom Cu leads to a significant reduction of the interface resistance of the cell (SI Appendix, Fig. S5 ). Fig. 3 C and D shows two regions of the cross-section of the garnet host (as indicated in Fig. 3B ) after Li deposition. After Li plating, the garnet host near the separating layer in Fig. 3C remains empty while the bottom part is electrochemically deposited with Li metal (dark regions in the pores of the garnet framework). Although the Li cannot be detected by EDX, the SEM image of the garnet framework after Li plating (Fig. 3E) and corresponding La elemental mapping in garnet (Fig. 3F) clearly indicate that the Li metal is filled in the voids of the garnet skeleton, covering the signal of La in the EDX mapping. The bottom Cu plays a key role in providing electronic access; without the bottom Cu layer, Li can plate outside of the framework (SI Appendix, Fig. S6 ). The SEM images and EDX mapping confirm the deposition behavior of the Li metal anode illustrated in Fig. 3B, i. e., Li is plated initially on the bottom Cu layer away from the separating layer, averting possible dendrite penetration and short circuit.
The plating and stripping behavior of the Li metal anode in the 3D garnet host was further studied by plating Li with different areal capacities. As demonstrated above, plating of Li within the solid-state garnet framework starts from the electronconductive Cu layer. During further Li deposition, Li metal grows continuously on the previous Li, where Li ions from the garnet framework gain electrons from the already-deposited Li metal and Cu substrate. This deposition behavior leads to the rise of Li in the host during Li deposition as depicted in Fig. 4A .
The SEM image (Fig. 4B ) of Li metal deposited in the garnet host for 2 mA h cm 2 displays a consistent result. Li is plated in the lower layer of the garnet host and shows a rising growth profile. The Li filled in the garnet host is ∼50 μm, mainly grown on the bottom Cu substrate, while leaving the separator-adjacent garnet host empty. Li metal of 3 mA h cm −2 also shows a coincident result with a Li deposition thickness of ∼70 μm (SI Appendix, Fig. S7 ). The thicknesses of Li deposited within the garnet host with different capacities of Li are summarized in Fig.  4C . The thickness of the hosted Li metal anode shows an approximately linear relationship to the areal capacity, which indicates that Li roughly rises from the bottom current collector during plating. After stripping the Li in the garnet host, it is found that only residual Li remains on the bottom of the host (SI Appendix, Fig. S8 ) and Li height "falls" to nearly 0. This unique plating/stripping behavior guarantees safe Li metal anodes as Li metal is initially deposited on the bottom current collector far from the separator and fills the preserved pores in the ion-conductive host, avoiding the interface contact problem in planar solid electrolytes.
Another prominent advantage of the proposed 3D Li metal anode enabled by the solid-state ion-conductive host is that the Li dendrite problem is significantly eliminated. As shown in Fig.  4D , Li metal deposited in the porous garnet at 0.05 mA cm −2 shows an extremely dense and smooth morphology, without any dendritic Li, which is a major issue in liquid electrolyte Li metal anodes. The smooth and dense deposition of Li metal results from a balance of Li ions transferred from the garnet framework and the electrons from the Cu current collector. At increased current densities, the morphology of deposited Li changes, but the dendritic Li is eliminated. As shown by the SEM images, Li anodes deposited at 0.5 mA cm −2 (Fig. 3D ), 1 mA cm −2 (Fig.  4E) , and 2 mA cm −2 ( Fig. 4F) do not form any dendrites, although Li deposited at higher current densities is not as dense as that deposited at 0.05 mA cm −2
. The dendrite-free Li anode in the garnet host should be attributed to the solid-state Li deposition, which contrasts starkly with that in liquid electrolytes. In liquid electrolytes, Li ions are ubiquitous and Li dendrites are inevitable. As a control experiment, even if 10 μL of liquid electrolyte was added to the porous garnet framework, Li dendrites were observed and Li was not constrained in the framework after plating (SI Appendix, Fig. S9 ). Using the solid-state garnet host, the Li ions diffuse only through the ionic-conductive skeleton and Li is deposited only at the interface of ion conductor and electron conductor, without forming dendritic morphology.
The cyclability of the solid-state Li metal anode in 3D ionconductive host was further demonstrated by cycling the Li metal anode in the garnet framework at 0.5 mA cm −2 . As shown in cycling voltage profiles and zoom-in profiles in Fig. 5 A-C , the solid-state Li metal anode was cycled for 300 h at 0.5 mA cm −2 for an areal capacity of 1 mA h cm − 2 each half cycle (1.5 mA h cm −2 for the initial plating). The voltage overpotential is gradually reduced from ∼80 to ∼20 mV during the first several cycles, indicating an improved interface contact of electron conductor (Li metal) and ion conductor (garnet framework) during initial cycles, which was demonstrated by EIS in SI Appendix, Fig. S5 . The Li anode in the garnet host shows a stable plating/stripping voltage of ∼20 mV (Fig. 5 B and C) after the first several cycles and cycles for 300 h. The long-term cycling performance is associated with a high Coulombic efficiency (>100%; see discussion in SI Appendix, Fig. S10 ). Slightly excess Li in the anode (as we did in Fig. 5A ) and the high Coulombic efficiency will greatly enhance the cycling performance. The stabilized overpotential of the solid-state Li metal anode is almost as small as that of the Li metal anode using liquid electrolytes, which should be attributed to the high ionic conductivity of the garnet-type ion conductor and the thin separating layer. The stable cycling performance results from the advantageous plating/stripping behavior of Li metal within the garnet host, in which the solid-state Li metal anode is free from dendritic Li and solid-state interface problems. Different current densities, from 0.05 to 2 mA cm −2 , were applied to plate Li into the garnet host on the Cu layer, of which discharge voltage profiles are shown in Fig. 5D . The solid-state Li metal anode can be plated for 1 mA h cm −2 at even 2 mA cm
, which has hardly been achieved in ceramic solid-state batteries.
In Fig. 5E , we compare the cycling capacities and current densities of Li metal anodes in this work with several publications using oxide-based solid-state electrolytes (27) (28) (29) (30) (31) (32) (33) . The Li anode in the 3D garnet host shows a much higher capacity than previous studies using planar ceramic electrolytes. Hindered by the volume change at the anode-electrolyte interface during cycling, the previously reported solid-state Li anodes with ceramic electrolytes were generally limited to low capacities and small current densities (27) (28) (29) (30) (31) (32) (33) . By depositing Li metal anode in the garnet host, the Li anode is exempt from most solid-solid interface problems and can thus safely cycle with increased capacities at higher current densities. We note that the rate capability of the Li anode with the ceramic solid-state electrolyte is still lower than that in liquid electrolytes. The solid-state Li anode generally shows a larger voltage polarization, especially during the initial cycles (80 mV at 0.5 mA cm −2 ), than the Li anodes in liquid electrolytes (∼25 mV at 0.5 mA cm −2 ). However, the incomparable advantage of the solid-state Li anode lies in the intrinsically safe deposition behavior, which improves not only the battery safety but also the cell cyclability. With further development of advanced ceramic electrolytes with enhanced ionic conductivity, the solid-state Li metal anode is expected to exhibit electrochemical performance comparable to that of Li metal anode with liquid electrolytes while fundamentally averting the safety issues in liquid electrolyte Li metal batteries. While the porous garnet framework in this work was filled with Li metal to investigate the Li plating/stripping behavior, the garnet framework with the porous-dense-porous structure is a superb host for highenergy-density batteries, with one porous layer accommodating the Li anode and the other for cathode materials such as sulfur (see the schematic of a projected solid-state Li-S battery in SI Appendix, Fig. S11 with the garnet framework). The Li content in the LLCZN electrolyte is 6.0% and the equivalent Li content in the cell (including Li in the electrolyte, excluding the cell package) is 10.1%. The energy density of the garnet-based solid-state Li-S battery is projected to reach 518.4 W h kg
(see calculation details in SI Appendix, Table S1 ), very promising for high-energy-density systems.
Conclusion
In summary, we have demonstrated a safe and dendrite-free Li metal anode in a solid-state 3D ion-conductive host. By depositing Li metal into the 3D garnet framework with Cu current collector at the bottom, Li metal is plated from the bottom of the 3D host away from the separating layer and gradually fills the garnet host. Since the Li is initially plated on the bottom current collector away from the separator, any possible penetration through the electrolyte can also be prevented. The solid-state depositing property of Li ions eliminates the dendritic morphology of Li metal anodes, which is inevitable with liquid electrolytes. Deposition of Li within the preserved pores of the garnet host effectively mitigates the volume change issue of Li anode during cycling and improves the electrolyte-anode interface contact. The solid Li metal anode in the garnet host exhibits an exceptional cycling stability. It can be cycled for 1 mA h cm −2 at 0.5 mA cm −2 for 300 h without dendrite-induced short circuit or significant overpotential. Benefiting from the 3D ionconductive host, the solid Li anode can be cycled for 1 mA h cm −2 , which is much higher than most previous solid-state Li anodes based on oxide-based solid-state electrolytes and is comparable to Li anodes in liquid electrolyte batteries. The dendrite-free and safe depositing properties of the solid Li anode in the ion-conductive host introduce a strategy to build safe and durable high-energy metal batteries for next-generation energy storage.
Methods
Garnet Solid Electrolyte Fabrication. LLCZN powder was synthesized by conventional solid-state reaction. The starting materials were LiOH (99%; Alfa Aesar), La 2 O 3 (99.9%; Alfa Aesar), CaCO 3 (99.9%; Sigma-Aldrich), ZrO 2 (99.9%; Alfa Aesar), and Nb 2 O 5 (99.99%; Alfa Aesar). Stoichiometric amounts of the raw materials and 10% excess LiOH were mixed by ballmilling and calcined at 900°C for 12 h.
Tape casting was used to fabricate the trilayer framework. LLCZN was mixed with fish oil, polyvinyl butyral, and butyl benzyl phthalate in toluene and isopropanol to prepare the slurry, which was cast by a doctor blade on Mylar sheet. Poly(methyl methacrylate) spheres were added as porogens in porous tape. The pore size of the porous layer can be controlled by the size of polymer-based pore formers and its content. Dense and porous layers were fabricated separately and then laminated into a trilayer tape. The thickness of each individual layer was well controlled. The tapes were laminated and hotpressed to form a trilayer structure. Then it was sintered at 1,050°C for 1 h to obtain the porous-dense-porous garnet framework.
Cell Assembly. The Cu layer deposited at the bottom of the garnet host was sputtered by an electron-beam physical vapor deposition on an Angstrom NexDep Ebeam Evaporator. The upper layer of the garnet host was coated with ZnO by ALD to increase its wettability with molten Li. The ALD deposition of ZnO was performed on Beneq TFS 500 at 150°C for 150 cycles. Each cycle alternates reactions of diethyl zinc or water with the 3D garnet pellet. Li was then infiltrated into the host from top of the garnet pellet (without Cu deposition and with ZnO coating) by melt infiltration in an argon-filled glovebox. A fresh piece of Li foil was placed on the garnet host and was covered by stainless steel, which provided suitable pressure for Li infiltration into the garnet pores. The Li on garnet pellet was heated at
